The CC chemokine eotaxin, identified in guinea pigs and also recently in mice, may be a key element for the selective recruitment of eosinophils to certain inflamed tissues. Using a partial mouse eotaxin cDNA probe, the human eotaxin gene was cloned and found to be 61.8 and 63.2% identical at the amino acid level to guinea pig and mouse eotaxin. Human eotaxin protein was a strong and specific eosinophil chemoattractant in vitro and was an effective eosinophil chemoattractant when injected into the skin of a rhesus monkey. Radiolabeled eotaxin was used to identify a high affinity receptor on eosinophils (0.52 nM K d ), expressed at 4.8 ϫ 10 4 sites per cell. This receptor also bound RANTES and monocyte chemotactic protein-3 with lower affinity, but not macrophage inflammatory protein-1 ␣ . Eotaxin could desensitize calcium responses of eosinophils to RANTES and monocyte chemotactic protein-3, although RANTES was able to only partially desensitize eosinophil calcium responses to eotaxin. Immunohistochemistry on human nasal polyp with antieotaxin mAbs showed that certain leukocytes as well as respiratory epithelium were intensely immunoreactive, and eosinophil infiltration occurred at sites of eotaxin upregulation. Thus eotaxin in humans is a potent and selective eosinophil chemoattractant that is expressed by a variety cell types in certain inflammatory conditions. ( J. Clin. Invest. 1996. 97:604-612.)
Introduction
Chemoattractant cytokines (chemokines) play an important role in the recruitment of leukocytes to inflammatory lesions (1) (2) (3) (4) . Over 20 different chemokines have been identified to date, and different chemokines show characteristic biologic activity for distinct subsets of leukocytes. IL-8 is predominantly a neutrophil chemoattractant (2, 5) , while monocyte chemotactic protein (MCP) 1 -1 serves predominantly as a monocyte and T cell chemoattractant (6, 7) . Chemokines are produced by a variety of cell types, particularly in inflamed tissue, and endothelial-bound chemokines may provide a migration cue to circulating leukocytes, by signaling through seven transmembrane-spanning G-protein-coupled receptors on the leukocyte (8, 9) . The notion that chemokines and their receptors play a fundamental role in the recruitment of leukocytes to inflamed tissues is supported by animal models in which anti-IL-8 mAbs inhibit neutrophil recruitment (10) (11) (12) and in IL-8 receptor knockout mice in which neutrophil recruitment to inflammatory sites is impaired (13) .
Eosinophilic leukocytes also selectively accumulate in some inflammatory tissues, particularly in response to parasitic infection, and also as a result of IgE-mediated reactions such as rhinitis and allergic asthma (14) (15) (16) . A number of factors have been described as being chemotactic for human eosinophils, including PAF (17) , C5a (18) , , and the chemokines RANTES and MCP-3 (20) (21) (22) (23) , although all of these factors are chemotactic for other cell types. The striking accumulation of eosinophils in certain tissues suggest that there may be factors that are chemotactic specifically for eosinophils. A CC chemokine termed eotaxin was identified as the predominant eosinophil chemoattractant in the bronchoalveolar lavage fluid of allergen challenged guinea pigs (24) . Eotaxin was highly potent in guinea pigs, inducing substantial eosinophil accumulation at a 1-2 pmol dose in the skin. Northern blot analysis demonstrated eotaxin mRNA in the lungs of naive and sensitized guinea pigs, although allergen challenge led to considerably increased levels (25, 26) .
To examine the biology of human eotaxin and its role in disease, we cloned a human homologue of guinea pig eotaxin. Human eotaxin mediated the selective migration of eosinophils, both in vitro and in vivo. Ligand binding and calcium desensitization studies indicated that eotaxin shares a novel receptor with RANTES and MCP-3 on eosinophils, distinct from the CC chemokine receptors CKR-1 (the macrophage inflammatory protein (MIP)-1 ␣ /RANTES receptor) (27, 28) and CKR-2a,b (the MCP-1 receptors) (29) . Based on the high affinity of eotaxin for its receptor and its selective activity, eotaxin appears to be an important chemokine for human eosinophil function.
Methods
Library screening, cDNA isolation, Northern hybridizations. A mouse clone, designated clone 28, containing a partial mouse eotaxin cDNA encoding murine eotaxin amino acids 17-61 was digested with EcoRI to release a 135-bp fragment (29a). This fragment was labeled by random priming using a kit from Boehringer Mannheim Biochemicals (Indianapolis, IN) following the manufacturer's recommended labeling protocol. This probe was used to screen a human genomic library purchased from Clontech (Palo Alto, CA) using standard molecular biology techniques (30) . Hybridization with the mouse clone 28 probe was in 6 ϫ SSC containing 2 ϫ Denhardt's solution and 25 g/ml denatured salmon sperm DNA overnight at 65 Њ C. The membranes were rinsed twice in 2 ϫ SSC, 0.05% SDS at 65 Њ C followed by two washes (15 min each) in 0.2 ϫ SSC, 0.1% SDS at 55 Њ C. One phage clone, designated clone 25, was found to contain a nucleotide sequence with significant similarity to the mouse and guinea pig eotaxin clones and was the subject of further analysis.
Human spleen mRNA was purchased from Clontech. The following primers, derived from genomic sequence analysis were used to amplify clone 25 cDNA from human spleen mRNA, 5 Ј primer: 5 Ј -GGATCCAACATGAAGGTCTCCG, 3 Ј primer: 5 Ј -GAATTCT-TATGGCTTTGGAG-TTGGAG. 200 ng of spleen mRNA was reverse transcribed with oligo dT. 2 l of this cDNA was amplified with 100 pmol of each primer in a final reaction mixture containing 60 mM Tris-HCl, pH 8.5, 2.0 mM MgCl 2 , 200 mM dNTPs, and 2.5 U Taq polymerase. The cycle parameters for PCR were as follows: 95 Њ C, 1 min; 25 cycles of 94 Њ C, 30 s; 68 Њ C, 10 s; 72 Њ C, 10 s; 72 Њ C, 6 min. The PCR fragment was digested with EcoRI and BamHI and cloned into appropriate vectors for further analysis.
Multiple tissue Northern blots were purchased from Clontech and probed with the full-length human clone 25 cDNA labeled as described above for the mouse clone 28 probe. The blots were prehybridized for 2 h at 68 Њ C in ExpressHyb Tm solution (Clontech) followed by hybridization for 1 h at the same temperature. The blots were washed twice for 20 min in 2 ϫ SSC, 0.05% SDS at 65 Њ C followed by two washes for 20 min in 0.2 ϫ SSC, 0.1% SDS at 65 Њ C. Under these conditions, the full-length human clone 25 probe hybridizes with a single fragment on genomic Southern blots (data not shown).
Preparation of human eosinophils, neutrophils, and PBMC. Human neutrophils were isolated from heparinized venous blood by Percoll density gradient centrifugation ( ␦ϭ 1.088) at room temperature (31) . RBCs were removed by hypotonic lysis. Eosinophils were isolated from the blood of individuals with high levels of circulating blood eosinophils (5-17%) by combined density gradient centrifugation and negative selection with anti-CD16 magnetic beads (32) . Briefly, the granulocyte fraction from the Percoll centrifugation was incubated with CD16 microbeads (Miltenyi Biotec Inc., Sunnyvale, CA) for 30 min. Cells were then passed through a MACS column (Miltenyi Biotec Inc.), and eosinophils were collected in the flow through. Eosinophil purity was Ͼ 99% as determined by analysis of Diff-Quik-stained cytocentrifugation preparations by light microscopy. PBMCs were obtained as described (31) .
Chemokines and chemotaxis. Recombinant human chemokines were obtained from Peprotech Inc. (Rocky Hill, NJ). Human eotaxin was synthesized using solid-phase methods that were optimized and adapted to a fully automated peptide synthesizer (430A; Applied Biosystems, Inc., Foster City, CA) as described elsewhere (33). Leukocyte chemotaxis was assessed using a modification of a transendothelial assay (6) . The endothelial cells used for this assay were the endothelial cell line ECV 304 (34) , obtained from the European Collection of Animal Cell Cultures (Porton Downs, UK). Endothelial cells were cultured on 6.5-mm diameter Transwell culture inserts (Costar Corp., Cambridge, MA) with a 3.0-m pore size. Culture media for ECV 304 cells consisted of M199 ϩ 10% FCS, l -glutamine, and antibiotics. Assay media consisted of equal parts RPMI 1640 and M199, with 0.5% BSA. 24 h before the assay, 2 ϫ 10 5 ECV 304 cells were plated onto each insert of the 24-well chemotaxis plate, and incubated at 37 Њ C. Chemotactic factors (diluted in assay medium) were added to the 24-well tissue culture plates in a final vol of 600 l. Endothelial-coated Transwells were inserted into each well and 10 6 leukocytes were added to the top chamber in a final vol of 100 l. The plate was then incubated at 37 Њ C in 5% CO 2 /95% air for 1-4 h, depending on the leukocyte type being studied. The cells that had migrated to the bottom chamber were counted using flow cytometry. 500 l of the cell suspension from the lower chamber was placed in a tube, and relative cell counts were obtained by acquiring events for a set time period of 30 s. This counting method was found to be highly reproducible, and enabled gating on the leukocytes and the exclusion of debris or other cells. mAbs. mAbs were produced against human eotaxin by immunizing mice with 10 g of synthesized Eotaxin, three times over a period of 4 wk. The first immunization was intraperitoneal with Freund's complete adjuvant, the second was intraperitoneal with Freund's incomplete adjuvant, and the final immunization was protein alone intravenous. 4 d after the last immunization, the spleen was taken, and cell fusion was performed using the cell line SP2/O, as described (31) .
ELISA. ELISA was performed by coating 50 l of eotaxin or recombinant MCP-1, MCP-3, or other chemokines onto 96-well Maxisorp plates (Nunc Inc., Naperville, IL), at a concentration of 2 g/ml in carbonate buffer, for at least 4 h at 4 Њ C. 300 l/well of blocking buffer (PBS ϩ 1% BSA) was added for at least 2 h, or until the day of the assay. Plates were washed 4 ϫ with PBS/Tween 20, and 50 l of mAb supernatant was added to each well and incubated at 37 Њ C for 1 h. Plates were washed 4 ϫ with PBS/Tween 20 and alkaline phosphatase-conjugated second antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) diluted 1:500 in PBS was added to each well. After an incubation at 37 Њ C for 30 min, plates were washed 4 ϫ with PBS/Tween 20. The substrate used for the color reaction was p -nitrophenylphosphate dissolved in diethanolamine buffer (Bio-Rad Laboratories, Richmond, CA). Plates were read at 410 nm on an ELISA reader.
Immunohistochemistry. Immunohistochemical analysis for human eotaxin protein was performed on formalin-fixed, paraffinembedded samples of nasal polyps using techniques previously described (35, 36) . Briefly, deparaffinized sections were postfixed in 0.6% H 2 O 2 in methanol for 20 min at room temperature to remove endogenous peroxidase activity, followed by blocking with PBS/10% goat serum for 30 min at room temperature. Anti-human eotaxin mAb (or irrelevant mAb) was then used as neat tissue culture supernatant overnight at 4 Њ C, followed by biotinylated goat anti-mouse IgG (Vector Laboratories, Burlingame, CA), and avidin-biotin-peroxidase complexes (Vector Laboratories). Diaminobenzidine was used as the chromagen and Mayer's hematoxylin as the counterstain. Sections immunostained for eotaxin were compared to step sections with hematoxylin and eosin to evaluate spatial associations with eosinophil infiltration.
Ligand binding assay.
125
I-labeled RANTES were purchased from DuPont NEN (Boston, MA), with a sp act of 2,200 Ci/mM. 125 I-labeled eotaxin was produced using the Bolton Hunter reagent (DuPont NEN), as described (31) . The specific activity of radiolabeled eotaxin was calculated to be 180 Ci/mM. Chemokine binding to target cells was carried out using a modified method previously re-ported (37) . Cells were washed once in PBS and resuspended in binding buffer (50 mM Hepes, 1 mM CaCl 2 , 5 mM MgCl 2 , and 0.5% BSA) at a concentration of 1 ϫ 10 7 /ml. Aliquots of 50 l (5 ϫ 10 5 cells) were dispensed into microfuge tubes, followed by the addition of cold competitor and radiolabeled chemokines as indicated in the text. The final reaction vol was 200 l. Nonspecific binding was determined by incubating cells with radiolabeled chemokines in the presence of 250-500 nM of cold chemokines. After 60-min incubation at room temperature, the cells were washed three times, with 1 ml of binding buffer plus 0.5 M NaCl. Cell pellets were then counted. All experiments were carried out using duplicates and repeated at least three times. Curve fit was calculated by KaleidaGraph software (Synergy Software, Reading, PA).
In vivo assessment of eosinophil recruitment. A male adult rhesus monkey was injected intradermally at nine sites on the back with 10, 100, or 1,000 pmol of either eotaxin, RANTES, or BSA in 0.1 ml PBS. Full thickness skin biopsies (6 mm) were taken from these sites at 4 h after injection. These tissues were fixed in formalin, embedded in paraffin, and sectioned for histological analysis by staining with hematoxylin and eosin. Quantitative, computer-assisted morphometric analysis of skin sections was performed using a Quantimet 500 Image Analyzer (Leica Inc., Deerfield, IL). The relative density (number cells/mm 2 ) of eosinophils was enumerated on at least five random fields per section just adjacent to and including the postcapillary venules of the superficial vascular plexus. Cells were selected based on the color wavelength generated from eosin-stained cytoplasmic granules of eosinophils, and color selection criteria were identical on all sections analyzed. The number of eosinophils/mm 2 of dermis was then calculated.
Results
Cloning of a human eotaxin. A candidate human homologue of guinea pig eotaxin was cloned using the following approach. First, using degenerate primers deduced from the guinea pig sequence (25) , a partial cDNA for a candidate mouse eotaxin was cloned (29a). Screening of a human genomic library with a mouse probe yielded 11 phage which were plaque purified and analyzed by restriction digest. One phage, designated clone 25, contained a 1.0-kb HindIII and a 5.5-kb Pst fragment which hybridized with the murine eotaxin probe. These fragments were subcloned, sequenced, and found to contain a nucleotide sequence with significant similarity to other chemokine genes. To determine if this genomic clone encoded a functional gene, specific primers were used to amplify a cDNA. Fig. 1 A shows the nucleotide sequence and predicted amino acid sequence of the amplified product from human spleen mRNA. Clone 25 encodes a 97 amino acid protein including a putative hydrophobic leader peptide of 23 amino acids with a leader peptidase cleavage site predicted by amino acid consensus and comparison with other chemokine sequences. This protein is a member of the CC chemokine family as indicated by the cysteine pair at amino acid position 9 and 10 in Fig. 1 A . Fig. 1 B shows an amino acid sequence alignment of the predicted mature clone 25 protein with other members of the CC chemokine family. This protein shows highest amino acid sequence identity to human MCP-1 and human MCP-2, both at 64.5% followed by mouse eotaxin, guinea pig eotaxin, and human MCP-3 with 63.2, 61.8, and 57.7%, respectively. Lower amino acid sequence identity is observed with human MIP-1 ␤ (36.8%), human RANTES (34.2%), and human MIP-1 ␣ (32.9%). Interestingly, further comparison shows that clone 25 shares with both guinea pig and mouse eotaxin a two amino acid deletion between positions 5 and 6 ( Fig. 1 B ) suggesting that clone 25 is the human homologue of the murine and guinea pig eotaxin genes. Comparison of the putative NH 2 terminus of clone 25 shows, however, that it does not share either the glutamine residue essential for optimal MCP-1 function (38) or the basic histidine residue present in both the mouse and guinea pig eotaxin sequence. A comparison between clone 25 and the guinea pig and mouse eotaxins also shows that the NH 2 terminus is poorly conserved, with only the two prolines at amino acid positions 2 and 6 completely conserved. Amino acids 51-62 are absolutely conserved, and based on the nuclear magnetic resonance structure of RANTES, this region is hypothesized to form a loop connecting a ␤ -sheet of the chemokine core with the COOH-terminal ␣ -helix (39) .
Screening of multiple tissue Northern blots containing 2 g of poly A ϩ selected RNA revealed a major hybridizing message at ‫ف‬ 0.8 kb with the highest level of expression in the small intestine and colon (Fig. 2) . There was also a detectable level of expression in heart. No detectable level of mRNA ex- pression was evident in other tissues under the conditions described, however clone 25 cDNA has been amplified by PCR from spleen, thymus, and purified eosinophils (not shown).
In vitro chemotactic response of human leukocytes to a putative human eotaxin. The protein encoding clone 25 (deduced from the nucleotide sequence) was chemically synthesized and folded, following procedures used previously for other CC chemokines (38). Human eosinophils, neutrophils, monocytes, and lymphocytes were assessed for their response to different concentrations of this as well as other chemokines in a sensitive transendothelial chemotaxis assay (Fig. 3) . The chemokine encoded by clone 25 was a strong chemoattractant for eosinophils, and usually showed a similar activity to RANTES and MCP-3, two well characterized eosinophil chemoattractants (20) (21) (22) (23) . We observed only modest chemotaxis of human eosinophils to MIP-1 ␣ or IL-8 in normal donors, although eosinophils from an individual with a history of asthma and very high eosinophil levels responded to these chemokines. The chemokine encoded by clone 25 was not chemotactic for human neutrophils or lymphocytes (Fig. 3 ) and mediated only a weak response in monocytes at very high doses ( Ͼ 1,000 ng/ml). Anti-CD3-activated T cells were unresponsive at all concentrations tested (not shown). The use of endothelial cells in the chemotaxis assay enables a significant improvement in signal to noise (6, 40) , sometimes reaching values of 200:1. In bare filter chemotaxis assays, the typical bell shaped curve was obtained, and the concentration of eotaxin that yielded the greatest eosinophil migration was 100 ng/ml. A checkerboard analysis with various concentrations of clone 25 protein showed that the migration of eosinophils was chemotactic rather than chemokinetic.
In vivo recruitment of rhesus monkey eosinophils to a putative human eotaxin. To test the in vivo role of the chemokine encoded by clone 25, an adult rhesus monkey was injected intradermally with 10, 100, or 1,000 pmol of either clone 25 protein, human RANTES, or BSA. Histologic assessment and quantitative image analysis of skin biopsies showed no recruitment of eosinophils with BSA at doses of 10 and 100 pmol, and only a rare isolated eosinophil at 1,000 pmol (Fig. 4) . The greatest eosinophil recruitment was observed at the injection site for 1,000 pmol of clone 25 protein, or human RANTES, which was characterized histologically by foci consisting of 5-10 eosinophils adjacent to postcapillary venules of the superficial vascular plexus in the dermis, as well as clusters of eosinophils scattered throughout the dermal collagen bundles. The chemokine encoded by clone 25 elicited recruitment of eosinophils at 10, 100, and 1,000 pmol, whereas RANTES elicited a response only at 1,000 pmol. Although nonspecific dermal recruitment of occasional neutrophils was apparent in all specimens, including those injected with BSA, the leukocyte Figure 2 . Northern analysis of ‫ف‬ 2 g of oligo-dT-selected RNA from various human tissues. Blots were purchased from Clontech and hybridized as described in Methods. After boiling in 0.5% SDS to remove specific probe, the blots were rehybridized with a ␤-actin control. ) Figure 4 . Recruitment of eosinophils to the skin of a rhesus monkey injected with clone 25 protein, RANTES, or BSA. An adult rhesus monkey was injected intradermally with 10, 100, or 1,000 pmol of either clone 25 protein, RANTES, or BSA. Full thickness skin biopsies (6 mm) were taken from these sites at 4 h after injection, and histologic assessment and quantitative image analysis of skin biopsies was performed. The relative density (number cells/mm 2 ) of eosinophils was enumerated on at least 5 random fields/section just adjacent to and including the postcapillary venules of the superficial vascular plexus. types recruited to the clone 25-challenged site were Ͼ 90% eosinophils. In contrast, although eosinophils were recruited to the 1,000 pmol RANTES injection site, increased numbers of perivascular mononuclear cells were observed in all RANTES injection sites, similar to the infiltrate observed in a previous study with dogs (41) .
Because of the high sequence similarity between clone 25 and guinea pig eotaxin, and the fact that this chemokine is selectively chemotactic for eosinophils in vitro and in vivo, this chemokine will henceforth be referred to as human eotaxin.
Human eotaxin desensitizes [Ca 2ϩ ]i responses of eosinophils to most CC chemokines. The transient elevation in [Ca 2ϩ ]i in cells upon chemokine binding can be used to monitor receptor activation, and the desensitization that occurs through a given receptor can provide some insight into receptor usage by different agonists (20, 42, 43) . Fluo-3-loaded eosinophils (Ͼ 99% purity) showed a strong, rapid, and transient rise in [Ca 2ϩ ]i after stimulation with 50 nM of human eotaxin (Fig. 5) . A similar response was observed with 50 nM human RANTES, and 50 nM MCP-3. An advantage of using the FACScan ® for [Ca 2ϩ ]i analysis is that the proportion of cells responding to a given ligand can be assessed. All eosinophils responded to eotaxin, RANTES, and MCP-3, but only a proportion ‫ف(‬ 20-30%) responded to MIP-1␣, IL-8, or MCP-1, although these values were variable from donor to donor. 50 nM of human eotaxin was able to completely desensitize eosinophils to subsequent stimulation with 50 nM RANTES, MCP-3, MCP-1, MIP-1␣, and MCP-2 (Fig. 5) . In addition, 50 or 100 nM RANTES could only partially desensitize eosinophils to subsequent stimulation with 50 nM of human eotaxin. However a range of concentrations of MCP-3, MCP-2, MCP-1, or MIP-1␣ (10-100 nM) were unable to desensitize subsequent responses to eotaxin. In all of the analyses, IL-8 was used as a control, since none of the CC chemokines could desensitize eosinophil responses to IL-8.
Human eotaxin binds with high affinity to a receptor on eosinophils. The expression of the receptor for eotaxin on eosinophils was examined using ligand binding with radiolabeled eotaxin and RANTES. Fig. 6 A shows the binding of 125 Ilabeled eotaxin to human eosinophils, in the presence of increasing concentrations of "cold" competitors.
125
I-labeled eotaxin bound to eosinophils, and this binding could be competed efficiently with cold eotaxin. Binding could also be competed with cold MCP-3 and RANTES, although MCP-3 and RANTES competed less efficiently than eotaxin for 125 I- Figure 5 . Changes in the cytosolic free calcium concentration in human eosinophils in response to various chemokines. In the first set of experiments (left hand plots), eotaxin was added first, followed by a test chemokine indicated on the right of the figure, followed by IL-8. In the second set of experiments (right hand plots), test chemokine were added first, followed by eotaxin, followed by IL-8. Chemokines were added at the points indicated by arrows to a final concentration of 50 nM. In this experiment, IL-8 induced a calcium flux on a proportion of eosinophils and was used for control purposes at 50 nM. FL1, linear scale. (Fig. 6 B) , and increasing concentrations of cold eotaxin, RANTES, MCP-3, or MIP-1␣. Binding of 125 I-labeled RANTES to human eosinophils could be efficiently competed with cold eotaxin, and eotaxin was a much more efficient competitor than cold MCP-3 or RANTES.
Expression of eotaxin in tissues and upregulation at a site of eosinophil recruitment. A panel of 50 mAbs was produced to human eotaxin by immunizing mice with the chemically synthesized material, and screening for specific mAbs by ELISA. The majority of the mAbs were found to be specific for eotaxin, in that they showed strong reactivity with eotaxin, and no reactivity with human MCP-1, MCP-3, RANTES, or MIP-1␣, as assessed by ELISA. Several of the mAbs recognized an epitope shared between eotaxin, MCP-3, and MCP-1. The properties of seven select mAbs are outlined in Table I . Two of the eotaxin-specific mAbs were noted for their ability to block the binding of 125 I-labeled eotaxin to human eosinophils, and/or the chemotaxis of eosinophils to eotaxin in transendothelial chemotaxis assays. Four of the mAbs were able to recognize an epitope of human eotaxin that is preserved in paraffin-embedded tissue specimens.
Immunohistochemical analysis was performed with a representative mAb, 6H9, using human nasal mucosa and polyp tissue with pronounced submucosal eosinophil infiltration. Eotaxin staining was localized most strongly to overlying ciliated pseudostratified columnar epithelium (Fig. 7) . Various leukocyte types also stained positively, including eosinophils, lymphocytes, and macrophages (Fig. 7) . Care was taken to ensure the eosinophil staining was bona fide and not due to endogenous peroxidase. No immunoreactivity to any cell type was recognized in the same tissue using an irrelevant IgG1 mAb. There was a strong correlation between eosinophil infiltration within the mucosa and submucosa of the polyp and eotaxin expression to resident cells and leukocytes. Specifically, in areas of eosinophil localization in polyp tissue, there was an increase in the number of antieotaxin immunoreactive macrophages, endothelial cells, fibroblasts, smooth muscle cells, lymphoid cells, epithelial cells, and eosinophils, when compared to uninvolved nasal mucosa. In addition, there was a concomitant increase in staining intensity of immunoreactive cells in the polyp tissue compared to adjacent uninvolved nasal mucosa.
Discussion
Here we identify a novel human chemokine that is selectively chemotactic for eosinophils. Based on sequence similarity and function, this chemokine can be considered a human equivalent of guinea pig and murine eotaxin. A hallmark of guinea pig eotaxin is its high degree of specificity for eosinophils, which sets it apart from the other eosinophil chemoattractants such as C5a, PAF, RANTES, and MCP-3, which are chemotactic for other leukocyte types. Human eotaxin was highly selective for eosinophils, although at very high doses it was chemotactic for a very small number of monocytes, possibly due to low affinity binding to a monocyte CC chemokine receptor. Human eotaxin was usually as effective as RANTES or MCP-3 as an eosinophil chemoattractant, although we did observe donor to donor variation in the relative response to eotaxin, RANTES, and MCP-3. The nature of an individual's eosinophils, such as activation status or exposure to IL-5, may affect the responses of eosinophils to different chemokines.
Studies with a single rhesus monkey showed that human eotaxin was also effective at recruiting eosinophils to challenged skin sites. A study in guinea pigs showed that eotaxin induced substantial eosinophil accumulation in the skin at a 1-2 pmol (24), which is a much lower dose than what we found to be optimal in our study. The recruitment of eosinophils to tissues may relate not only to the presence of chemokine within the tissue, but also other factors such as the relative numbers of eosinophils within the blood. IL-5 has been found to synergize with eotaxin in the recruitment of guinea pig eosinophils to challenged sites; the IL-5 functioned in the mobilization of eosinophils from the bone marrow to the blood, and the eotaxin acted locally for the recruitment of eosinophils (44) . IL-5 is an eosinophil differentiation and activating factor (15) and has been found to affect responsiveness of eosinophils to IL-8 (45). RANTES injections into the skin of a rhesus monkey led to the recruitment of both eosinophils and mononuclear cells to the challenged sites, similar to a previous report using dogs (41) and consistent with the in vitro chemotactic profile of RANTES in humans.
The existence of an eosinophil-specific chemokine may explain the highly selective accumulation of eosinophils in some inflammatory sites. This may have important implications, since excessive recruitment of eosinophils to mucosal tissues may contribute to the pathogenesis of asthma and other human diseases (16, 46) . Northern blot analysis as well as immunohistochemistry confirmed previous studies in guinea pig that eotaxin in humans is expressed constitutively in some tissues (25, 26) . Our Northern blot analysis correlates well with that reported for guinea pig eotaxin with the exception of lung where it appears to be expressed more abundantly in guinea pig. A striking similarity between guinea pig and human was the presence of eotaxin message in the heart, but not in skeletal muscle. The expression in heart may relate to the pathogenesis of endomyocardial fibrosis, a condition which is common in patients with hypereosinophilic syndrome (47) . A comprehensive analysis of the expression of eotaxin by immunohistochemistry was beyond the scope of this study. However an analysis of inflamed nasal mucosal tissue revealed intense staining of respiratory epithelium, endothelial cells, leukocytes, and fibroblasts. These cell types are well characterized for their ability to produce other chemokines, such as MCP-1 and MIP-1␣ (48-50). Of particular interest was the staining of eosinophils in mucosal tissue by antieotaxin mAbs. An autocrine production of eosinophilic chemotactic cytokines, yielding an amplification loop for eosinophil entry to mucosal tissue, has been proposed as a possible contributing factor in asthma and other allergies (14) . We cannot exclude, however, the possibility that this staining resulted from receptor-bound material. The preliminary analysis of eotaxin expression in nasal polyp showed a correlation between eosinophil recruitment and upregulated expression of eotaxin, although more tissues will need to be assessed before a definitive statement can be made. Staining for other eosinophilic chemokines did not reveal such a strong correlation (D.J. Ringler, unpublished observations), although the association between chemokine expression and the presence of inflammatory cells is still poorly understood and the conditions that give rise to eosinophil recruitment to a tissue are likely to be multifactorial.
The selective migration of eosinophils to eotaxin would suggest the existence of a receptor for eotaxin expressed only on eosinophils. The ligand binding experiments and [Ca 2ϩ ]i analysis indicated that the dominant eosinophil eotaxin receptor also binds RANTES and MCP-3. These three ligands are the most potent chemokines for inducing eosinophil chemotaxis in vitro. Previous calcium desensitization studies (21, 22) implicated a RANTES/MCP-3 receptor on eosinophils that was distinct from CKR-1 (the MIP-1␣/RANTES receptor) identified by Neote et al. (27) and Gao et al. (28) . Our [Ca 2ϩ ]i analysis showed that eotaxin could effectively desensitize eosin- ophils to subsequent [Ca 2ϩ ]i responses to virtually all CC chemokines. This suggests that eotaxin is causing homologous desensitization of an eotaxin/MCP-3/RANTES receptor, and possibly cross-desensitization of other receptors. Cross-desensitization of chemoattractant receptors is well documented (51) , and could result from a desensitization of the pathways leading to Ca 2ϩ mobilization, downstream from receptor/ G-protein interactions (51) . Alternatively, eotaxin may bind and signal through more than one receptor, although we have found that eotaxin does not bind to CKR-1 (unpublished observation). Our binding experiments support the existence of an "eotaxin/RANTES/MCP-3" receptor, although eotaxin appears to have a much stronger binding affinity for this receptor than RANTES or MCP-3. Nevertheless the in vitro chemotactic response of eosinophils to RANTES and MCP-3 was usually similar to that seen with eotaxin, suggesting that binding affinity does not correlate strictly with chemotactic activity. The number of binding sites for eotaxin on eosinophils (4.8 ϫ 10 4 receptors per cell) is much higher than the levels of expression of CKR-1 or CKR-2 on monocytes (Ͻ 3,000 per cell) (7, 41, 52) but is similar to the levels of IL-8 receptors on neutrophils ‫ف(‬ 6 ϫ 10 4 sites per cell) (53) . We have cloned a novel CC chemokine receptor from human eosinophils that mediates the binding and signaling of eotaxin, RANTES, and MCP-3 (Ponath, P., et al., manuscript submitted). This receptor is 72% identical to the CKR-1 and is very similar to an eosinophil restricted CC chemokine receptor reported recently by another group (54) . The selective binding of eotaxin to a receptor on eosinophils, coupled with production of eotaxin by certain inflammatory cells and epithelium, provides a mechanism for the selective recruitment of eosinophils to inflamed mucosal tissue.
The relative contribution of eotaxin versus other chemoattractants in various eosinophil-related diseases will be an important topic for further investigation. Eotaxin will be a valuable tool for exploring the molecular mechanisms for eosinophil traffic, and possibly for the discovery of eosinophil CC chemokine receptor antagonists for blocking eosinophil recruitment in diseases such as asthma.
